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ABSTRACT
until recently measuring the velocity of a fluid
required the insertion of some instrument into the flow which
would disturb the flow. The development of the laser dopier
anemometer has created a means of measuring flow velocity
using two intersecting monochromatic light beams, one of
which has been shifted in frequency a prescribed amount.
In order to use the type of laser dopier anemometer owned
by M.I.T. the light beams must be able to traverse the test
section and the scattered light be collected by the receiving
optics. This requires a transparent model in order to
measure the flow around the entire model. This thesis
demonstrates the fea'sibility of such a method and is an
account of the special techniques used to obtain the data.
Thesis Supervisor: Professor Justin E. Kerwin
Title: Professor of Naval Architecture
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I. INTRODUCTION
A variable speed water tunnel in a common laboratory for
conducting hydrodynamic experiments involving Reynolds Number
scaling. Until recently, however, there has been no reliable
method in water tunnels of measuring either point velocities
or pressures in a flow without disturbing the flow. Hot wire
anemometers or pitot tubes require the insertion of an instru-
ment into the flow and can cause a disturbance of the flow.
The recent development of the laser dopier anemometer, LDA,
has led to a method of obtaining point velocities without the
insertion of any instrument into the flow which could alter
the characteristics of the flow. The detailed operation and
theory of the LDA will be covered in another section so let
it suffice to say now that by having two monochromatic light
beams, one of which has been shifted in frequency, intersect
the velocity of the water at the point of intersection can be
measured by collecting the scattered light.
The LDA at MIT is only capable of collecting the light
scattered in the direction in which the beams are aimed.
This means that the light must be able to pass completely
through the water tunnel when attempting measurements. There
is no problem with this if the only measurements needed are
upstream or downstream of the model in the tunnel because the
viewing ports or windows are transparent plexiglass. Measure-
ments cannot be taken around a model which is opaque, however

The purpose of this thesis is to demonstrate that by using a
transparent model; in this case a two dimensional, plexiglass,
ogival section foil; the entire velocity field around the
model can be obtained. The problems associated with this
involve both the optical characteristics of the model and the
intensity of the scattered light when it has passed through
the model. The positioning of the instrumentation that re-
ceives the scattered light is critical and resolution of the
optical effect of the model on the scattered light becomes
difficult. Any imperfections in the model also tend to
diminish the intensity of light which eventually reaches the
receiving optics. The results contained within this thesis
are not necessarily intended to be extraordinarily revealing
in hydrodynamic significance but rather are intended to des-
cribe and verify a new technique in collecting detailed
accurate velocity data around a transparent model in the
variable speed water tunnel using a laser dopier anemometer.

II. EXPERIMENTAL SET UP
This experiment was conducted in the variable speed water
tunnel at MIT. The tunnel is a recirculating type tunnel with
a test section which is basically a rectangle twenty inches
high, twenty inches wide and with a region of undistrubed
parallel flow approximately four feet in length. The model
was held in place using the rudder and keel dynamometer on
the top and just a sealed shaft through the bottom window.
This is the noirmal method for testing two dimensional foils
at the MIT facility. No splitter plate was used in order to
allow maximum span of the foil which would reduce any end or
wall effects. The foil was aligned in the tunnel to zero
angle of attack by measuring the distance from the wall. The
telescope atop the dynamometer was then zeroed and used to
adjust the angle of attack thereafter.
Because of the lens effect of the foil, velocity measure-
ments were only taken on the transmitter side of the foil. The
lens effect changed the crossing angle of the beams which made
the calibration of volts to feet per second and the position of
the measuring volume unknown. To obtain measurements on both
sides of the foil, the foil was flipped end for end.
The actual construction of the foil was done by Bill
Shepherd for a 13.04 project and donated to the author. The
method of construction was to take a rectangular piece of
plexiglass and first use a milling machine and large rotating

table bed to get a circular arc. The second step was to
polish the foil until transparent with progressively finer
sandpaper and polishing compound. The difficult areas were
the leading and trailing edges because of their fineness.
Keeping the circular arc and yet getting rid of all defects
and scratches requires more sophisticated equipment than was
available. However, the foil is a masterpiece of hand crafts-
manship and far better than the author could have done
personally. The final foil dimensions are shown in figure 1.
The laser itself was resting on a base capable of move-
ment in two degrees of freedom. The one degree of freedom
in which the laser could not move was a chordwise movement.
This was a very time consuming restriction because to move
from station to station along the chord both the transmitting
and receiving optics had to be manually picked up, moved,
and realigned again. The base on which the laser rested
never had to be moved because large enough plywood platforms
were installed to allow enough laser movement to position
the laser at all stations on the chord. Figure 2 shows the
receiving optics, test section and dynomometer with telescope.
Testimony to the quality of the foil is that it was in the
test section when the picture was taken. Figure 3 shows the
transmitting optics, vertical adjustment wheel and the sta-











FIGURE 1 - Foil Dimensions
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•IGURE 2 - Receiving Optics, Test Section, Dynomometer




To determine the precise position of the measuring
volume, the chordwise position of the stations had to be
determined. This was done by using the laser to mark on a
tape placed on the outside window of the test section the
exact position of the leading and trailing edges. This tape
was then marked off in cosine spacing and left taped to the
window for the duration of that test. The chordwise posi-
tioning of the laser was the least precise measurement of
the experiment.
The rest of the electronics including the signal processor
and tracker for the laser, the voltage to frequency converter,
the time averagers for the impeller RPM and converter, and the
oscilloscope were all mounted on a table or moveable stand.
These locations are strictly a matter of personal preference




The author had difficulty when beginning his research
finding a reference which was either complete, concise, or
clear on the actual theory of laser dopier anemometer opera-
tion. In the following section is a brief overview of laser
theory, but for anyone interested in specifics Peter Min's
doctoral thesis, "Numerical and Experimental Methods for the
prediction of Field Point Velocities Around Propeller Blades"
is to be completed in May 1978 and contains the best reference
the author has been able to find.
The laser dopier anemometer is comprised of three major
groups, the transmitting optics, the receiving optics, and the
signal processing electronics. The transmitting optics pro-
duces a single monochromatic beam which is then split by a
prism into two beams. One of these beams then passes through
the Bragg cell which shifts the frequency of the light by a
piezeo-electric process. This shift can be varied from .01
to 20 megahertz depending on the expected water velocity
fluctuations, and allows the electronics to recognize nega-
tive velocities. The two beams are then focused by a lens of
known focal length. In this experiment the focal length was
309 mm. A longer focal length is necessary if data is to be
taken the complete width of the tunnel but this lens was
adequate because data was only taken on one-half of the tunnel.
The point of intersection of the beams is the measuring volume,
14

which is approximately .227 mm in diameter. In the measuring
volume the intersection of the light beams sets up a series of
frequency fringes. As a particle in the water passes through
these fringes light is scattered at a frequency proportional
to the speed of the particle. The light is scattered in all
directions but the maximum intensity is in the direction of
the laser beams and equidistant from each beam. The velocity
measured is the velocity in the plane of the two beams and
perpendicular to the line that bisects the two beams.
The receiving optics is placed on the same structure as
the transmitting optics on the opposite side of the tunnel
and aligned with it so as to collect the maximum intensity
of scattered light. There is a lens which focuses the light
on a photo-dectector . This photo-dectector produces a
voltage proportional to the frequency of the scattered light.
The electronics takes the signal from the photo-dectector
processes it through a series of filters, and tracks it. The
tracker produces a visual display of the voltage over each
second. With the electronics the number of particles
counted per second and the filtering can all be adjusted to
the conditions present. To average the voltage over ten




III. 2 LASER DOPLER ANEMOMETER TECHNIQUES
This section is intended to be a documentary on the
author's learning process while conducting this experiment.
Hopefully, by reading this anyone who attempts a similar
experiment can avoid many frustrations and pitfalls.
TO operate a laser dopier anemometer takes patience and
experience. There is an art involved and practice is the best
way to acquire expertise. Probably the most intelligent move
the author made in the collection of data was to start testing
in the first week of November of 1977. This one week was not
very productive in the way of data taking but extremely
important in learning how to operate the laser. Between
this week and the next opportunity the author had to test
in the water tunnel there was time to evaluate methods and
procedures and study more on the aspects of operation that
needed improvement. The data collected in February of 197 8
not only has a higher confidence level it also was taken much
faster and more easily.
The first step in the learning process was in deter-
mining the position of the measuring volume. The method of
determining chordwise position was improved by two simple
procedures. First, the author learned that by unscrewing
two screws the laser beams could be aligned vertically. This
greatly aided in deteirmining the exact position of the leading
and trailing edges. Secondly, there is a smoked glass filter
16

which decreases the intensity of the laser beams. By decreas-
ing their intensity aligning was easier and the positioning
at each station more accurate because the light could be made
to a much finer dot on the marking tape.
An order of magnitude improvement in accuracy was made in
determining the distance of the measuring volume from the foil
surface between November and February. For the initial tests
the distance of the laser lens from the tunnel window was
measured and measuring volume position was in terms of a
distance from the tunnel wall. The problem was determining
the exact position of the foil in terms of distance from the
wall. The solution was to place the measuring volume just on
the edge of the foil visually and then record the laser
position by reading the pointer on the movable base of the
laser. The other data points were determined by a simple
linear relationship pf laser movement to measuring volume
movement. The only problem with this method was at stations
one and nine. There the foil was so thin it became difficult
to determine on which side of the foil the measuring volume
was
.
The determination of free stream velocity was also
improved between test periods. The procedure of reading the
manometer for each data point was not only tedious to record
but tedious to convert to speed later. By taking and averaging
the impeller RPM over ten seconds and taking a manometer
reading over that same ten seconds a linear relationship
17

between RPM and free stream velocity was developed. By-
averaging twenty-five of these readings a coefficient in
terms of velocity per RPM was developed. A new coefficient
had to be determined for each angle of attack, however,
because the blockage of the model changed for each case.
Another convenience of this was that the output of the laser
tracker was averaged over the same ten second period.
To overcome the problem of the optical effect of foil
acting like a lens was of great concern at first but really
turned out to be a minor problem. After a brief study of
optics, the author decided calculating the position of the
receiving optics would be futile at best. The best method
turned out to be visual adjustment. First two pieces of
tape were placed on the window on the receiving optics side
to block the two laser beams from exiting the tunnel test
section. This was important for safety to prevent any eye
damage while visually focusing. The receiving optics was
then manually moved on the plywood base until the focusing
pattern was symetrical and at maximum brightness. As a
result of the focusing effect of the foil the receiving
optics were only perpendicular to the window at zero degrees
angle of attack and at station five. Maneuvering the
receiving optics while looking through the eyepiece was
awkward and certainly not precise but it was effective.
At the stations near the leading and trailing edges re-
focusing was required about every other data point and this
18

was tedious, but there was no better alternative. To align
the receiving optics exactly so as not to require such
frequent refocusing would have taken exorbitant amounts of
time if possible at all.
In November it was obvious that there were defects in
the foil, particularly near the leading and trailing edge.
By moving just fractions of an inch spanwise, reception of
the signal improved greatly because the light was not being
dispersed by a nick or imperfection in milling. This vertical
movement was also used to avoid window scratches. Another
method of improving reception, dealing with the model and
windows was to ensure they were clean. Wiping them both with
soft tissues and alcohol has a much more dramatic effect
than it would appear.
Of the three areas of adjustment; the foil, the water,
and the laser; the water could be least affected or adjusted.
If the water is very cold, below sixty degrees fahrenheit,
readings are very difficult to obtain. The number and type
of particles also is important. There are several types of
additives on the market today which can be added to improve
water characteristics but they are costly and do not stay in
the system. Ordinarily there were enough particles in the
water for adequate laser operation, but if more particles
were needed the addition of four teaspoonsfull of "Coffeemate"
V7as helpful. These particles dispersed evenly in the tunnel
19

and appeared to be the correct size to improve operation.
The question of when should particles be added is best
answered by experience. If all else seems to be functioning
properly but the signal will not track the addition of
particles can't hurt.
Most of what appears to be "tricks of the trade" in
obtaining meaningful data are involved with adjustment of the
laser itself. The references mentioned in section 3.1 are
very helpful in understanding how the laser operates and how
to obtain a signal when conditions are ideal. In the case
of this experiment, however, conditions were seldom even
close to ideal. Therefore, several ways to improve the
signal characteristics or detect weak signals were devised.
The first step was to do the easiest station, station five,
first to ascertain that all of the equipment did indeed
operate and the laser was aligned. Once the laser beams
were aligned they did not abruptly go out of alignment.
The deterioration was gradual and if suddenly one data
point would not track the chances were very slim that it
was due to misalignment of the laser if the previous data
point had a good signal. The quality of the signal often-
times could be improved by blocking out unwanted beams.
The beam that was shifted in frequency in the Bragg cell
came out of the transmitting optics surrounded by three
extraneous beams of weaker intensity. These beams often
20

would scatter light when they impinged on the foil and
increase the noise in the received signal enough to make
the signal indecipherable. By taking a small piece of
black tape and carefully placing it on the tunnel window
these beams could be removed. To insure the correct beam
was still entering the water the Bragg cell was turned off.
This eliminated the frequency shift and left only one beam,
the correct one. Once it was determined the correct beam
was not blocked the Bragg cell was turned on again.
The laser dopier anemometer will always produce a
reading of some kind. To master the LDA is to know when
that reading is the correct reading for the water velocity
in the measuring volume. The most helpful instrument in
doing this was the oscilloscope. Unfortunately, the author
did not use the scope until test forty-four out of sixty-nine
tests. But in terms of accuracy of data this was a major
breakthrough. What the oscilloscope did was visually display
the signal coming from the photomultiplier and allowed con-
firmation that it was indeed the true signal. It could,
of course, display more but the key to determining good
data from eroneous noise was looking at the raw signal before
it entered the signal processer. Sometimes this was more
difficult than others. If the signal was very weak and there
was very little noise, a magnificent looking signal showed
on the scope. This was the frequency shifter dominating the
21

signal. Whatever megahertz shift was set on the frequency
shifter showed up on the oscilloscope looking very much like
the true signal. An easy way to discern this was to vary
the water speed in the tunnel. The wave length of the raw
signal was proportional to the speed of the water. If the
wave length increased as the water speed decreased, the true
signal was being received. If the wave length remained
constant, the signal was actually the frequency shifter.
When the signal was very weak coming from the photo-
multiplier two things helped to improve its visibility.
First, if the signal went strictly to the oscilloscope the
power was at a maximum. It was much more covenient to use
a T connection and have the signal go to both the signal
processer and the scope but "this reduced the power of the
signal and often made it too weak to discern. When even
this was not enough, a second alternative was to have the
signal go through the signal processer and display the
amplified input on the oscilloscope. This was only used when
the signal was too weak by itself and the confidence in this
signal was much lower than the raw signal
.
The oscilloscope could in no way have replaced the
optical focusing procedure, but it did assist. After the
visual pattern was focused and centered and the photo-
multiplier put in place, fine adjustments in centering
could be made while watching the signal on the scope. The
22

best way to go about this was to visually focus using the
large aperture mask. This gave a more clearly defined
pattern to focus. Before replacing the photomultiplier
,
the small aperture mask was placed on the receiving optics
to reduce the noise and make the signal clearer. Then the
centering set screws were adjusted v;hile watching the raw
signal on the oscilloscope.
At seven of the sixty-six stations there arose a problem
which the author could never resolve. Each of these cases
occurred near the leading or trailing edge but most drama-
tically near the trailing edge. At particular distances
from the foil a beam would impinge on the very tip of either
the leading or trailing and in essence spray light directly
into the focusing optics. This not only made enough noise
to drown the signal but made visual focusing hazardous at
best. Figures 4 and 5 show this phenomenon. The author
believes this was caused by the leading and trailing edges
being the least perfect in curvature and thus causing
strange optical effects. Vertical movement made no difference,
however, so this theory is suspect. The problem was more
acute at the trailing edge because of the multiple beams
coming from the beam which went through the frequency
shifter. These beams came from the upstream side of the
laser transmitter, crossed the other beam and then impinged
on the foil downstream of the other beam. This meant that
the trailing edge had a greater range in which a beam could





'ICURE 4 - Trailing Edge Scattering
.^




The reason for picking an ogival shaped foil was to facili-
tate the manufacture of the foil and the theoretical calculations.
By using a Karman-Tref ftz transformation the conformal mapping of
a uniform flow around a circle to a uniform flow around the foil
shape was realtively easy. A computer program entitled Karman
( Tref tz) developed by John Hammond for Professor Kerwin made
the process of calculating pressure coefficients very easy.
The parameters used were circle center coordinates of x = 0.0,
y = .105098 and A = 1.8743593. Figures 6 through 10 show the
pressure distributions calculated. The actual data was
initially plotted into the velocity profiles shown in figures
11 through 13. The points just outside the boundary layer
were determined from these plots and used to calculate the
pressure coefficient, C , which was defined as
P
C = 1 - (U )^
p n
where U is the nondimensional velocity. Determining where
n
the boundary layer ended was not very distinct at some
stations but a best visual estimate was used. The plots of














































































































































































































































































FIGURE 12 - Velocity Profiles, a = 0.0
32



























































































































































































































































































Obviously the difference in comparing the theoretical
pressure distributions with the experimental is viscous
effects. These effects cause approximately a 75 percent
reduction in lift as a result of the boundary layer growth.
TO compare experimental results with the inviscid results, a
simple calculation can be made using the approximation
f
C^ = 27Ta + 4^(^)
f
where 2Tra is the flat plate approximation and 47t(—-) is the
^ f
camber approximation for the linearize problem with (—
)
being the camber ratio. At zero angle of attack all lift is
from camber and any reduction in lift due to viscous effects
would appear as an apparent reduction in the angle of attack
A 25 percent reduction would then mean
f
27Ta' = .25[4tt(^)]
where a' is the apparent reduction angle. For this foil
f
(^) = . 05 and thus
a' = 1.4°
This means that figure 15, a = 0.0 of the experimental results
should compare with figure 9, a = -2.0 of the theoretical
results most closely as it does.
37

The same approximation of C can be used to determine
the angle of zero lift.
f
C, = 2TTa + 4Tr(-^) =
a = -5.7°
The experimental results in figure 16, a =. -4.0, show close
to a zero lift distribution.
The boundary layer growth shown in the velocity profile
graphs of figures 11 through 13 is at times inconsistant
.
This is most likely due to the fact that the closer to the
foil the more difficult it was to obtain good data. There-
fore, accurate reliable data in the boundary layer was not
taken until the learning process with the laser dopier
anemometer was completed. However, there are several signi-
ficant observations to be made on each figure.
In figures 14 and 15, a = +4 . and 0.0, station shows
no distinct boundary layer but a gradual retardation of the
flow upon approaching the stagnation point. At station 10
on the convex side of figure 14, a = +4.0, the profile shows
the very beginning of backflow around the trailing edge. The
figure of most interest is figure 16, a = -4.0. Here both
station and station 1 on the convex side show a gradual
retardation suggesting the stagnation point is on the upper
38

surface between the two stations as would be expected. The
flat side at station 2 shows a backflow indicating or hinting
at the presence of a separation bubble in that region and
then reattachment by station 3. The entire flat side of this
figure shows a region thicker than the boundary layer should
be of retarded flow. Since the laser dopier anemometer gives




V. CONCLUSIONS AND RECOMMENDATIONS
This thesis shows that using the laser dopier anemometer
and a transparent model is a good method of obtaining
accurate and reliable data about the velocity field around
the model. The method does require, however, a certain
expertise in the operation of the LDA and this can only be
gained by experience. The comparison of theoretical calcula-
tions and actual data bears out that the technique is a good
one. They also show in the case of the boundary layers in
the velocity profiles that as the author gained more exper-
ience the data became much better. The fabrication of the
foil also is very important and the better job done on that,
the easier the collection of data would be.
Although this method is adequate, the author recommends
that an attempt or detailed analysis be made of collecting
the same data with a different foil orientation. By placing
the foil in a horizontal position between the two side windows
and having the laser beams radiate parallel to the foil span,
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32.T7 :^.I7? I'lU.l /, i,-? Y .T77(,
?a.2/:, K 7^ C r-h. u 6C-7 O .70(^3
32. (,4^ '• '-?;> /a.u '^(.r.7 . '7(9y:r
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